Introduction
Along a turbine airfoil surface, elevated convective heat transfer coefficients occur as a result of high turbulence levels exiting a combustor in a gas turbine engine. The platform of an airfoil ͑endwall͒, a critical surface where durability can be an issue, also has high convective heat transfer levels with a complex footprint. The complexity occurs from the secondary flows that develop in the form of vortices that sweep the platform surface. Both of these effects, high free-stream turbulence effects on airfoil heat transfer and secondary flow effects on endwall heat transfer, have been discussed in the literature. What is missing from the literature is the combined effects of combustor level free-stream turbulence and secondary flows on endwall heat transfer.
Turbulence measurements taken at the exit of a variety of gas turbine combustors have shown that the levels can range between 8 percent and 40 percent ͓1-3͔ with some indication that the integral length scale scales with the diameter of the dilution holes in the combustor ͓4͔. As these high levels progress through the downstream turbine vane passage, there is a production of turbulence resulting in high turbulent kinetic energy levels at the exit of the passage ͓5͔. The effect that these high turbulence levels have on the airfoil itself is to increase the heat transfer significantly along the leading edge and pressure side surfaces as well as move the transition location forward on the suction side surface.
The secondary flows previously mentioned take the form of a leading edge horseshoe vortex. This vortex splits into one leg that wraps around the suction surface and another leg that wraps around the pressure surface, with the latter ultimately forming a passage vortex. As the flow progresses downstream, the flow is dominated by the passage vortex. Gaugler and Russell ͓6͔ identified, through flow visualization and surface heat transfer, that high convective heat transfer coefficients coincided with the most intense vortex action. Kang and Thole ͓7͔ showed through flowfield and heat transfer measurements that the peak heat transfer coincided with the downward legs of both the horseshoe vortex and passage vortex. The downward leg of these vortices brings high speed free-stream fluid toward the endwall and thins the boundary layer to ultimately increase the local heat transfer coefficients. As seen in several past endwall heat transfer studies ͓8-10͔ the peak heat transfer on the passage endwall sweeps from the pressure side of the airfoil to the suction side of the adjacent airfoil as the passage vortex moves in that direction.
Although there have been a number of studies documenting high free-stream turbulence effects on airfoil heat transfer and there have been a number of endwall flowfield and heat transfer studies, there are no studies documenting endwall heat transfer at combustor level free-stream turbulence. The work presented in this paper investigates the effect that high turbulence has on endwall heat transfer. In particular, one of the regions having the highest heat transfer is the leading edge-endwall juncture. Threedimensional flowfield measurements were made in this juncture region such that a comparison of the mean and turbulent flowfields can be made between low and high free-stream turbulence cases.
Past Studies
One of the only flowfield studies to address high free-stream turbulence effects in an endwall region was that of Gregory-Smith and Cleak ͓11͔. They were interested in determining the changes to the flowfield in a rotor blade cascade with a passive grid placed upstream. The passive grid generated an inlet turbulence level of 5 percent. Their primary finding was that the mean flow was not significantly affected by the elevated turbulence level. They also found that there was a net increase of turbulence production as the flow progressed through the channel. They attributed this net increase to the production from the Reynolds shear stresses.
To the authors' knowledge the only endwall heat transfer measurements at elevated turbulence levels reported in the open literature are those of ͓12-14͔. Spencer et al. ͓12͔ made endwall heat transfer measurements at an inlet free-stream turbulence level of 9 percent but were not able to contrast that with a low free-stream turbulence case since they did not acquire those data. Giel et al. ͓13͔ measured convective heat transfer coefficients for a linear rotor cascade with an inlet free-stream turbulence level of 7 percent. Their results indicated, quite surprisingly, that elevated turbulence levels actually decreased the endwall heat transfer levels in several regions along the endwall as compared to their low turbulence level case. This effect, however, may have been due to the fact that the turbulence grid caused a reduction to the inlet boundary layer thickness for the elevated turbulence case. With a thinner boundary layer, the endwall secondary flows are weaker, causing a reduction in the endwall heat transfer. This reduction due to weaker secondary flows would compete with the high turbulence effects that are expected to increase the endwall heat transfer. Khalatov et al. ͓14͔ presented an analysis that indicated the augmentation of heat transfer due to high free-stream turbulence along the endwall continually increased as turbulence levels increased up to a turbulence level of 16 percent, beyond which the augmentation leveled off. There were not enough details given in their paper to determine the flow parameters for their experiments.
Endwall flowfield measurements under low free-stream turbulence conditions indicate extremely high turbulence levels in the core of both the leading edge and passage vortices for an asymmetric airfoil as reported by Moore et al. ͓15͔, and Kang et al. ͓10͔ . The reported peak turbulence levels, based on the inlet velocity, range from 25 to 29 percent in the core of the vortex. Results from Devenport and Simpson ͓17͔, who used a symmetric airfoil, and from Praisner et al. ͓18͔, who used a rectangular block, pointed out that it is improbable that the high turbulence levels in the core are purely a result of turbulent mixing. Devenport and Simpson ͓17͔ showed that the peak positive turbulence production coincided with regions having highly bimodal flow as indicated by their streamwise velocity histograms. Based on the analyses, Devenport and Simpson attributed the high turbulence to the large-scale unsteadiness rather than the fluid-wall generated shear layer.
From past studies, there is a clear need to investigate further the heat transfer characteristics of the endwall under high turbulence levels. At this point, the data given in the literature are quite sparse for the effects of high free-stream turbulence on endwall heat transfer.
Experimental Design and Measurements
The construction and the development of the scaled-up turbine stator vane and the test section have been previously documented by a number of studies including Kang et al. ͓10͔, Kang and Thole ͓7͔, and Radomsky and Thole ͓5͔ . The wind tunnel used in this study is recirculating with a corner test section shown in Fig.  1 . A description of the vane is indicated in the attached table in Fig. 1 . While the inlet Reynolds number for the wind tunnel was matched to that of the engine, the inlet Mach number was not matched ͑Maϭ0.017 for the wind tunnel case and Maϭ0.12 for the engine case͒. This test section contains a central turbine vane with two adjacent vanes that have all been geometrically scaled up by a factor of nine to allow for highly resolved data acquisition. The outside adjacent vane was constructed by attaching a leading edge to a plexiglass sidewall, allowing for optical access. The placement of this flexible wall exactly matches the surface of an adjacent vane. Beyond the point where the adjacent vane geometry stops, the flexible wall was positioned such that the central vane matched a predicted pressure distribution. The computational predictions were made for two-dimensional, inviscid, periodic vanes at low-speed conditions. Pressure measurements on the central vane were made to insure that the flexible wall and stagnation point were correctly positioned.
An active grid turbulence generator, described in detail by Radomsky and Thole ͓5͔, was used to generate the high turbulence levels. The active grid consisted of vertical hollow square bars with jets injecting into the mainstream in both the upstream and downstream directions. The bars were 1.27 cm square with the jet holes having a diameter of 1.5 mm and vertically spaced 3.05 cm apart. These hollow bars were installed 88 bar widths upstream of the stator vane stagnation position or, in terms of vane coordinates, at 1.9 chords in front of the stagnation position. A compressed air supply fed a plenum that supplied each of the bars. The turbulence generated from this active grid was 19.5 percent measured at 0.33 chords upstream of the vane stagnation location. The integral length scale at 0.33 chords upstream was ⌳ x / P ϭ0.12 and was uniform across the span to within 4 percent. A detailed discussion of the inlet flow quality will be given later in the paper.
Flowfield Measurements. The flowfield was measured for a plane at the endwall-vane juncture parallel with the incoming flow direction that intersects the stagnation location of the vane. This plane was chosen to compare with that previously reported by Kang et al. ͓10͔ at low turbulence conditions. The twocomponent back-scatter fiber optic LDV system used in this study consisted of a 5 W laser used in conjunction with a TSI model 9201 Colorburst beam separator. Velocity data were processed using TSI model IFA 755 Digital Burst Correlator controlled using TSI's FIND software. All three velocity components ͑U, V, and W͒ were measured with a two-component laser-Doppler velocimeter ͑LDV͒ positioned in two different orientations. A 750 mm focusing lens with a beam expander was used on the end of the fiber optic probe to make measurements of the streamwise ͑U͒ and pitchwise (V) components through the top endwall; and the streamwise ͑U͒ and spanwise ͑W͒ components through the sidewall. Coincident measurements were made through the sidewall to quantify the Reynolds shear stress, uЈwЈ. The probe volume length and diameter for the 750 mm lens with the beam expander were 0.85 mm and 72 microns. The data were corrected for velocity bias effects by applying residence time weighting.
Endwall Heat Transfer Measurements. The heat transfer results for the high free-stream turbulence conditions were measured in the same facility as for the low free-stream turbulence conditions ͓10͔. These measurements were obtained with a con- Transactions of the ASME stant heat flux plate placed on the bottom endwall, as indicated by the cross-hatched area in Fig. 1 , surrounding the Styrofoam stator vane. The constant heat flux plate consisted of a 50-m-thick copper layer on top of a 75-m-thick kapton layer in which 25-m-thick inconel heating elements were embedded in a serpentine pattern. This heater was placed onto a 1.9-cm-thick wooden surface using double-sided tape. Just below the wood was a 2.54 cm thick R-5 extruded Styrofoam board. The total heating area for the plate was 0.549 m 2 and the input power was adjusted to give a heat flux of 980 W/m 2 . The lateral conduction was estimated to be less than 1 percent within the averaging spot size for the infrared camera. The top surface of the heater plate was painted black giving an emissivity of 0.94.
Surface temperature data was acquired using a calibrated infrared camera ͑Inframetrics Model 760͒. The camera was calibrated in situ using type E ribbon thermocouples that were painted black and placed on the heated surface. The calibration procedure was performed to obtain the correct plate emissivity and background temperature and insure a linear relationship between the infrared camera measurements and the thermocouple reading over the required operating temperature range. To perform these measurements, the top endwall was replaced with a plate having 13 viewing ports in which an 11.43-cm-dia crystal fluoride window or, when not making measurements from that port, a lexan insert could be placed. Each endwall temperature resulted from an average of 16 images and, based on an uncertainty analysis, it was determined that five of these 16 averaged images were enough to get a good average. Small positioning crosses were placed on the endwall to identify where each of the 13 images were relative to the turbine vane. An in-house processing routine allowed the 13 images to be assembled into one complete endwall temperature distribution. The infrared camera performed a spatial averaging over 0.37 cm and operated at its maximum viewing area of 21.5 cmϫ16 cm represented by 255ϫ206 pixels.
The input heat flux was corrected for radiation losses, which amounted to between 7-23 percent of the input power, and conduction losses, which amounted to 1.7-3.5 percent of the input power. No correction was necessary regarding heat losses from conduction to the turbine vane itself because the vane was constructed using Styrofoam. Using the measured temperatures and the remaining convective heat flux, the heat transfer coefficients were computed and reported as Stanton numbers.
Uncertainty Estimates
The partial derivative and sequential perturbation methods, described by Moffat ͓19͔, were used to estimate the uncertainties of the measured values. Uncertainties were calculated based on a 95 percent confidence interval. For each velocity component 15,000 data points were used to compute the mean and turbulence quantities whereas when coincidence data was acquired 20,000 data points were acquired. The estimate of bias and precision uncertainties for the mean velocities were 1 percent while the precision of the rms velocities was 2.1 percent for u rms , 1.7 percent for the v rms , and 3.2 percent for w rms . The precision uncertainties of the Reynolds shear stress and correlation coefficient were 12.8 and 13.4 percent. Note that these uncertainty estimates were made for the near endwall region where the highest uncertainties arise. The uncertainty in the Stanton number was 4.5 percent, which was determined for the lowest measured temperature difference which dominated the uncertainty.
Inlet Flow Conditions
The inlet flow conditions for the high free-stream turbulence case are the same as those previously reported by Radomsky and Thole ͓5͔ and are repeated in Figs. 2͑a͒ and 2͑b͒ for completeness. These profiles were taken at the vane mid-span location at onethird chord upstream of the vane stagnation. Figure 2͑a͒ shows measured inlet mean velocity profiles across the entire width of the wind tunnel for the low and high free-stream turbulence cases.
The computed profiles, also shown in Fig. 2͑a͒ , are results from a two-dimensional simulation using FLUENT ͓20͔ ͑see ͓5͔ for details͒. These profiles reveal that the flow is already reacting to the upcoming vane and, more importantly, is quite periodic across the two airfoil pitches. It is also evident that the high free-stream turbulence generator is not affecting the mean flow conditions given the fact that the high and low turbulence cases agree. The vertical uniformity across the span of the airfoil indicate that the maximum deviation normalized by the average velocity was 1.6 and 3.5 percent for the low and high turbulence cases. The measured turbulence conditions at one-third chord upstream, revealed in Fig. 2͑b͒ , indicate uniformity across the pitch and fairly isotropic conditions with the average spanwise rms (w rms ) levels being 91 percent of the average streamwise rms (u rms ) levels and 93 percent of average cross-stream rms (v rms ) levels. The maximum deviation of the rms velocities across the span of the turbine vane was 2.8 percent. The average turbulence level at this location is 19.5 percent. The integral length scale, also shown in Fig. 2͑b͒ , is nominally 12 percent of the vane pitch and is relatively uniform across the pitch.
As previously discussed, the high free-stream turbulence was generated using active bar grids with a bar width of 1.27 cm and located 88 bar widths ͑b͒ upstream of the vane. These bars extended the entire span of the test section, meaning that the bars were also present in the developing endwall boundary layer. To insure that the bars did not create spanwise variations of the boundary layer, boundary layer measurements were made behind a bar and in between two bars at one-third of a chord upstream of the airfoil. This location corresponds to 1.6 chords and 59 bar widths downstream of the bars. These boundary layer measurements are shown in Fig. 3͑a͒ using free-stream parameters and in Fig. 3͑b͒ using inner wall scaling parameters. Comparison of these two profiles indicates no noticeable difference between that measured behind the bar and in between bars. These results demonstrate the fact that the presence of the bars does not affect the endwall boundary layer development. Figures 3͑a͒ and 3͑b͒ also shows the boundary layers measured at the low free-stream turbulence conditions by Kang et al. ͓10͔ . Comparison of the low and high free-stream turbulence boundary layers shows the typical differences, such as the depressed wake, that would be expected for a boundary layer subjected to 20 percent free-stream turbulence levels.
To minimize any boundary layer effects, it is desirable to match the boundary layer momentum Reynolds number between the low and high free-stream turbulence cases. The momentum Reynolds number for the two locations ͑behind the bar and in between the bars͒ are shown in Table 1 for the high turbulence cases and the low turbulence case previously given by Kang et al. ͓10͔ . For the data given by Kang et al. ͓10͔ , the boundary layer characteristics were measured at one chord upstream of the vane, whereas for the high free-stream turbulence case the characteristics were measured at one-third of a chord upstream. Based upon the boundary layer virtual origin and turbulent boundary layer correlations, it is expected that the momentum thickness Reynolds number would be Re ϭ3630 at one-third chord upstream relative to Re ϭ3340 at one chord upstream for the low free-stream turbulence case. This would result in a difference in momentum thickness Reynolds number of 25 percent between the low and high free-stream turbulence cases. Using the standard correlations for turbulent boundary layer heat transfer, this difference in Reynolds number should result in a difference in Stanton numbers of 9.5 percent. As will be shown in the results, the augmentation due to high freestream turbulence was much more than 9.5 percent.
Comparisons made to previously reported data for a boundary layer affected by 20 percent free-stream turbulence levels are also shown in Figs. 3͑b͒, 4͑a͒ , and 4͑b͒. The previously reported measurements of Thole and Bogard ͓21͔ had the same free-stream turbulence level, but were for a significantly lower momentum Reynolds number of Re ϭ580 as compared with the present study. There is good agreement in the scaling of the boundary layers affected by the high free-stream turbulence and, as expected, the profiles indicate a very depressed wake region. Figures 4͑a͒ and 4͑b͒ show the streamwise and vertical fluctuations scaled in inner wall coordinates, u rms ϩ and w rms ϩ , for the turbulent boundary layers affected by 20 percent turbulence. It is clear that the data for the behind and in between bars are very much the same. Also shown is good agreement with the data given by Thole and Bogard ͓21͔ for their 20 percent turbulence cases. The largest difference occurs for the u rms ϩ measurements indicating values 13 percent higher than the data given by Thole and Bogard ͓21͔.
Flowfield Measurements at the Leading Edge Endwall Juncture at High Turbulence Levels
A comparison of the leading edge horseshoe vortices for low and high free-stream turbulence cases shown in Figs. 5͑a͒ and 5͑b͒. Recall this measurement plane is parallel with the incoming flow direction and intersects the vane surface at the stagnation location. Superimposed on the velocity vectors ͑U and W͒ are contours of the streamwise (U/U ϱ ) velocity. The primary difference between the low and high free-stream turbulence cases is that for the high free-stream turbulence case the vortex is located slightly closer to the vane surface and there is more of a complete roll-up than for the low free-stream turbulence case. The heights of the vortex core for the two cases are very similar with the location being in the near-wall region at approximately Z/S ϭ0.015. Having the vortex pushed closer to the vane for the high turbulence case may be explained by the fact that near the wall, the fluid velocity is faster for the high free-stream turbulence case as compared with the low free-stream turbulence case, as shown in Fig. 3͑a͒ . This is an affect of the high free-stream turbulence flattening out the approaching boundary layer profile. This higher speed fluid would tend to push the vortex closer to the vane surface.
Figures 6͑a͒, 6͑b͒, and 6͑c͒ depict the turbulence components for the high free-stream turbulence case while Figs. 7͑a͒ and 7͑b͒ compare the normalized turbulent kinetic energy contours for low and high free-stream turbulence cases. The high turbulence levels away from the endwall at the midspan agree well with the previously reported measurements for the high free-stream turbulence case ͓5͔. Near the endwall, it is clear that the levels are significantly higher than those occurring near the midspan and are higher than those previously reported by ͓10͔ for the low freestream turbulence case. In comparing the relative peak contour levels for the high free-stream turbulence case, the u rms /U ϱ and w rms /U ϱ peak levels are much the same while the cross-stream velocity fluctuations, v rms /U ϱ , are somewhat lower. The profiles also reveal that the locations of these peak values coincide closely with the center of the vortex, with only the peak streamwise fluctuations occurring slightly upstream of the vortex center. If one compares the level of streamwise fluctuation with those found in a canonical turbulent boundary layer where the peak level is less than 15 percent, it is evident that the fluctuations are much higher in the vortex region. These high levels are in agreement with the data previously presented by Devenport and Simpson ͓17͔ who also reported very high levels in the vortex region. It appears that an unsteady motion of the horseshoe vortex accounts for the increased turbulence measured near the horseshoe vortex. The turbulent kinetic energy contours shown in Figs. 7͑a͒ and 7͑b͒ for the low and high free-stream turbulence conditions indicate that the primary difference is higher turbulent kinetic energy levels occurring for the high turbulence case. Compared with the low free-stream turbulence case, the peak turbulent kinetic energy levels are located closer to the vane surface. This is consistent with the vortex center being closer to the vane surface.
Coincident velocity measurements were made for the streamwise and spanwise velocity components for the high turbulence case to give the Reynolds shear stress component, uЈwЈ/U ϱ 2 , and the correlation coefficient, R uw . The Reynolds shear stress contours given in Fig. 8͑a͒ indicate low negative values approaching the vane on the endwall. The peak shear stress value of uЈwЈ/U ϱ 2 ϭϪ0.03 occurs on the front edge of the upturn of the horseshoe vortex. On the downturn side of the vortex positive shear stresses occur, but with much lower values than the negative peak stress values. On the downturn side of the vortex in the vane-endwall juncture the positive stresses coincide with a negative spanwise velocity gradient, ‫ץ‬W/‫ץ‬Z, which is the largest turbulence production mechanism in this region.
The correlation coefficients in Fig. 8͑b͒ indicate that the incoming turbulence near the midspan is uncorrelated, as would be expected for random turbulence. In the flow approaching the vane along the endwall, the correlation coefficient, R uw has peak magnitudes lower than those occurring for a turbulent boundary layer with low free-stream turbulence, which would typically be a value of R uw ϭϪ0.4. These lower values ͑Ϫ0.1͒ agree with those previously reported for a turbulent boundary layer subjected to high free-stream turbulence levels ͓21͔ and are a result of uncorrelated free-stream turbulence penetrating into the boundary layer. Moving toward the vane, the turbulence becomes more correlated, as indicated by the high negative values. The negative values are a result of the streamwise velocity moving away from the vane (ϪU) and upward away from the wall (ϩW) thereby giving negatively correlated turbulence. Next to the vane surface along the endwall, positive values occur as higher speed streamwise fluid (ϩU) being brought down toward the endwall where the W component is larger than the fluid transported there giving a (ϩW) and a positive correlation coefficient. Moving along the turbine vane span toward the endwall, the magnitude of the W component increases, resulting in a change in the sign of the correlation coefficient.
To verify the unsteadiness of the horseshoe vortex, velocity probability density functions were recorded for the low and high free-stream turbulence cases. Figures 9͑a, b͒ and 10͑a , b͒ illustrate the probability density functions of the streamwise and spanwise velocities. The measurements shown in these figures were at different locations relative to the endwall (Z/S) for a given axial position. The axial position was chosen to be slightly upstream of the center of the vortex for each of the respective flow cases. The probability density functions are reported for both the normalized Transactions of the ASME streamwise (U/U ϱ ) and spanwise (W/U ϱ ) velocity components. The probability density functions are defined by the following ͓22͔:
where N i is the number of times a particular velocity occurs in a certain bin size; N is the total number of data points; k is the width of the bins; and a and b are the minimum and maximum range of velocities considered. For the low free-stream turbulence case, shown in Fig. 9͑a͒ , the PDF for the streamwise velocities indicate that at a position farthest from the endwall (Z/Sϭ0.037) there is a Gaussian distribution of the measured mean velocities. This Gaussian distribution is what one would expect for a random turbulent flow. Closer toward the endwall, particularly in the vortex center, the PDF curves indicate that there are two distinct peaks with a shift in the relative heights of the peaks. These two peaks indicate that the flow is oscillating, or rather unsteady, in the vortex region. The PDF curves for the spanwise velocity components also show two distinct peaks for Z/Sϭ0.022, 0.015, and 0.007, but return to just a single peak at the position closest to the wall, Z/Sϭ0.002. The spanwise component is distinctly different from the streamwise velocity because of the suppression near the wall. This suppression is also evident in the lower rms levels in the spanwise velocity near the wall. Figures 10͑a͒ and 10͑b͒ show PDF curves at the same vertical positions but at an axial position closer to the vane, which corresponds to just upstream of the vortex center for the high freestream turbulence case. For the streamwise velocities, there are still two peaks evident, indicating an unsteady vortex. The spread between the two peaks, however, is much closer for the high free-stream turbulence case, as compared with the low free-stream turbulence case. This reduction in the spread between the two peaks is due to the highly turbulent flow that is transported into the vortex. The PDF curves for the spanwise velocity components do not show strong evidence of bimodal flow. This may be expected because, as was shown for the low free-stream turbulence case, the bimodal peaks were much closer together for the spanwise velocity as compared with the streamwise velocity. The high free-stream turbulence, which is Gaussian in nature, is transported into the vortex region through the downward flow, causing the PDF to appear less bimodal. 
Endwall Heat Transfer Measurements at High Turbulence Levels
Endwall surface heat transfer measurements were performed at the high free-stream turbulence level of 20 percent. These heat transfer measurements were made for the flow characteristics listed in Table 3 for the high and low turbulence cases, allowing direct comparisons to determine the effects of high free-stream turbulence on endwall heat transfer. As stated previously, the difference in momentum thickness Reynolds numbers between the two cases should result in a 9.5 percent augmentation between the low and high turbulence cases.
The heat transfer results plotted in terms of a Stanton number, where Stanton number is based on the inlet velocity approaching the test section, are given in Figs. 11͑a͒ and 11͑b͒. Many similarities exist between the low and high free-stream turbulence cases. A region of high heat transfer is observed in front of the vane stagnation point as a result of the formation of the horseshoe vortex. The strong downward flow, previously shown in the flowfield measurements, causes high heat transfer levels very near the vane endwall juncture. Moving into the passage, the heat transfer contours show that the peak Stanton number contours are being swept near the suction surface. Farther into the vane passage, the Stanton number contours become aligned parallel to the direction of flow. High Stanton number contours are observed near the flexible wall as a result of the passage vortex impinging on the endwall surface. Lower Stanton number values are observed near the suction surface of the stator vane where the passage vortex is lifting the flow away from the endwall. As a result of the higher turbulence levels, higher values for the Stanton number are observed throughout the vane endwall. Near the trailing edge of the stator vane, however, the Stanton number levels are very similar, with only slightly higher values being seen for the higher turbulence level. This would suggest that in this region, the heat transfer is being dominated by the secondary flow effects rather than high free-stream turbulence effects. Figure 11͑c͒ indicates the augmentation of the heat transfer due to high free-stream turbulence. The augmentation is defined as the Stanton number occurring at high free-stream turbulence ͑St͒ conditions divided by the Stanton number at low free-stream turbulence (St 0 ) conditions. The augmentation was calculated by defining a small region, averaging the Stanton number in that area for both the low and high turbulence cases at a given location, and then dividing the two quantities. The defined region was that of a circle with a radius equal to the averaging area of the infrared camera.
Superimposed on the contours shown in Fig. 11͑c͒ is the trajectory of the center of the passage and leading edge vortices based on the flowfield measurements reported by Kang and Thole ͓7͔ for the low free-stream turbulence case. Given the fact that the leading edge horseshoe vortex mean flowfield was close to the same for both the low and high free-stream turbulence cases, it is reasonable to presume that the path of the passage vortex is much the same for the two cases. Figure 11͑c͒ indicates the highest augmentation occurs in the midpitch region at the start of the passage. Moving into the passage the augmentation decreases with values around unity near the suction side surface indicating essentially no augmentation due to high free-stream turbulence. Along the pressure side, higher augmentation values occur in heat transfer. These augmentations are consistent with the fact that the highest augmentations due to high free-stream turbulence generally occur along the pressure side of the airfoil itself. In comparing the path of the vortex with the augmentation footprint, it is clear that for a given axial location, the lowest augmentations occur in the regions with the most intense vortex action. These low contour levels can be tracked coming off the leading edge as the leading edge horseshoe vortex develops into the passage vortex. The passage vortex then sweeps from the pressure side to the suction side, which also coincides with much lower augmentation levels. Clearly, these results indicate that the heat transfer in the Transactions of the ASME region of the vortices ͑leading edge and passage͒ is dictated by the vortices rather than the elevated turbulence level augmentation. Figure 12͑a͒ presents the Stanton numbers and augmentation values approaching the stagnation location along a line parallel to the incoming velocity vector ͑along the endwall for the stagnation flowfield measurements presented in this paper͒. For the high freestream turbulence levels, the Stanton numbers are relatively constant at the inlet to the test section. For a turbulent boundary layer on a flat plate subjected to 20 percent turbulence levels and a dissipation length scale that is 25 percent of the vane pitch, one would expect from flat plate correlations that there would be an augmentation in Stanton number of 0.26 for a TLR parameter ͓23͔ of 0.033 ͓24͔. This is in close agreement with the augmentation indicated in Fig. 12͑a͒ . Figure 12͑a͒ indicates an increase in Stanton number is observed starting at ͉⌬x͉/Cϭ0.2. At this location the flowfield is decelerating in front of the horseshoe vortex that has formed near the endwall. The Stanton number continues to increase until ͉⌬x͉/Cϭ0.05 where it begins to level off. This location is very close to the location of the center of the horseshoe vortex. Comparisons of the Stanton number distribution at the lower turbulence level shows lower heat transfer levels well upstream of the vane stagnation point. Closer to the vane surface, the Stanton numbers for the low and high turbulence cases are closer. This is seen in the augmentation data, showing high augmentation levels at 1.3 farthest from the vane, which then decrease to a minimum of 1.1 closer to the vane. This decrease again suggests that the heat transfer in this region is more a function of the horseshoe vortex, which is similar for that of both high and low turbulence levels, rather than the high levels of free-stream turbulence. Figure 12͑b͒ compares the heat transfer coefficients averaged over the pitch for a range of axial position. In addition, Fig. 12͑b͒ illustrates good agreement between data taken in both passages surrounding the central airfoil for the high free-stream turbulence case. For most of the axial distance, the augmentation is relatively constant at 25 percent above the low free-stream turbulence case. Only near the end of the vane where the passage vortex dominates, beyond X/C of 0.38, is there a decrease in the augmentation.
Conclusions
Flowfield results indicated a downstream shift of the leading edge vortex for the high free-stream turbulence case relative to the low free-stream turbulence case. This effect can be attributed to the differences in the approaching boundary layers. The rms levels of the velocity fluctuations increase with the added free-stream turbulence. High turbulence levels in the leading edge vortex can result from wall-generated turbulence, momentum transport of the free-stream turbulence into the vortex region, and an unsteadiness of the horseshoe vortex. As with previously reported literature, the rms of the velocity fluctuations are much higher than those that occur for wall-generated turbulence alone. Supporting the fact that the high fluctuations occur as a result of an unsteadiness of the vortex were probability density functions of the streamwise and spanwise velocity components. The streamwise velocity component was bimodal in nature for both low and high free-stream turbulence cases rather than the typical Gaussian distribution that occurs for wall-generated turbulence. Although these bimodal distributions occur for both the low and high free-stream turbulence cases, indicating an important unsteady contribution to the rms levels, there was still a further increase in the rms levels for the high free-stream turbulence case. This increase for the high freestream turbulence case is believed to be due to the momentum transport of the highly turbulent free-stream into the vortex region.
The endwall surface measurements revealed that there was an increase in the endwall heat transfer due to high free-stream turbulence. The relative difference in augmentations on the endwall between the suction and pressure sides of the airfoil are consistent with those reported along on the airfoil itself. The augmentations due to free-stream turbulence, however, were either small or nonexistent in the leading edge region where the horseshoe vortex has a dominating effect and near the suction side of the airfoil where the passage vortex has a dominating effect. ␦ 99 ϭ boundary layer thickness ␦* ϭ displacement thickness ϭ momentum thickness ϭ ratio of specific heats ⌳ x ϭ integral length scale ϭ viscosity ϭ density w ϭ wall shear stress Subscripts avg ϭ average in ϭ inlet rms ϭ root mean square Superscripts ϩ ϭ normalization using friction velocity, defined as ͱ w /
